Two new insect colonies were created by separating virgin western corn rootworm, Diabrotica virgifera virgifera LeConte, males and females from both a selected laboratory colony that was being reared on eCry3.1Abexpressing corn (Zea mays L.) and a control colony reared on its near-isoline corn. Females from the selected colony were paired with males of the control colony and vice versa to create both a selected female by control male colony (Sel$) and control female by selected male colony (Con$). Both colonies along with their parental colonies (eCry3.1Ab-selected and control) were evaluated on eCry3.1Ab-expressing corn and its near-isoline in seedling assays. Larvae from each colony were also used in diet toxicity experiments in order to determine the LC 50 and EC 50 values for the eCry3.1Ab toxin for each. Statistical analysis of seedling assay experiments did not indicate any significant colony Â corn interaction but did show a significant main effect of corn type for both larval recovery and larval head capsule widths. Results from the diet toxicity assays showed the control colony to have a significantly lower LC 50 value than the selected and cross colonies and a significantly lower EC 50 than the selected and Con$ colonies. Calculations of dominance values (h) of eCry3.1Ab resistance traits from seedling assays indicated that the two reciprocal cross colonies have a dominance value (h) of $1, suggesting dominance of the eCry3.1Ab resistance trait.
The western corn rootworm, Diabrotica virgifera virgifera LeConte, is considered one of the most economically important insect pests in the world due to the costs of pest control and crop yield losses, which are estimated to be in the billions of dollars for the United States alone (Metcalf 1986 , Sappington et al. 2006 , Gray et al. 2009 ). This pest is especially problematic due to its ability to overcome the various control methods that have been employed against it. For much of its history, the western corn rootworm was primarily managed through the use of soil insecticides and crop rotation (Hill et al. 1948 , Chiang 1973 . However, over the years the western corn rootworm has evolved resistances to a number of insecticides (Ball and Weekman 1962; Meinke et al. 1998 Meinke et al. , 2009 ). In addition to this, crop rotation was found to be less effective in portions of the eastern Corn Belt due to selection of western corn rootworm with a lower fidelity to corn (Levine et al. 2002) . A relatively recent development in corn rootworm management came in the form of transgenic crops, specifically those modified to express endotoxins of the bacterium Bacillus thuringiensis Berliner (Bt) (Moellenbeck et al. 2001; Ellis et al. 2002; Vaughn et al. 2005; Walters et al. 2008 Walters et al. , 2010 . The first transgenic corn crop targeting rootworms, expressing Cry3Bb1, was registered for commercial sale in 2003. Other rootworm-targeting genes were commercialized later, including Cry34/35Ab1 in 2005, mCry3A in 2006, and eCry3.1Ab as a pyramided product with mCry3A in 2013.
To reduce the rate at which resistance to transgenic plants would develop, precautions have been taken through the use of a susceptible refuge strategy (Glaser and Matten 2003) . This strategy involves planting a refuge of western corn rootworm-susceptible corn plants near Bt-expressing plants in order to promote the emergence of Btsusceptible western corn rootworm. The intent is to promote mating between susceptible beetles emerging from the refuge and resistant beetles emerging from Bt plants to preserve susceptibility to the transgenic products used in the field (Tabashnik and Gould 2012) . Refuge strategies for single-toxin Bt products are most effective when coupled with the high-dose strategy, resistance to the Bt toxin is recessive, initial frequency of alleles bestowing resistance is low, fitness costs of resistance are present, and western corn rootworm beetles mate randomly in the field (Gould 1998, Tabashnik and Gould 2012) . Unfortunately, none of the Bt products currently available for rootworm management meet the high-dose level of toxicity (Storer et al. 2006; Hibbard et al. 2010 Hibbard et al. , 2011 Clark et al. 2012) , initial frequency of alleles bestowing resistance is not low Meinke 2010, Thompson 2014) , resistance traits for Cry3Bb1 are not inherited in a completely recessive manner (Meihls et al. 2008 , Petzold-Maxwell et al. 2012 , fitness costs for Cry3Bb1 are minor if present at all (Meihls et al. 2012 , Oswald et al. 2012 , Petzold-Maxwell et al. 2012 , Thompson 2014 , and mating is not random (Kang and Krupke 2009, Hughson and Spencer 2015) . Greenhouse selection experiments involving western corn rootworm colonies exposed to Bt products over several generations have shown western corn rootworm resistance formation for all major Bt proteins on the market, including Cry3Bb1, mCry3A, Cry34/ 35Ab1, and eCry3.1Ab (Meihls et al. 2008 (Meihls et al. , 2011 Lefko et al. 2008; Frank et al. 2013 ). The first case of western corn rootworm Bt resistance in the field was discovered in Iowa, with populations having reduced susceptibility to Cry3Bb1 (Gassmann et al. 2011 , Gassmann 2012 ). Since then, additional Cry3Bb1 Bt resistance has been discovered in locations across the Corn Belt (Potter and Ostlie 2011 , Gray 2012 , Wangila et al. 2015 , as well as resistance to mCry3A with apparent cross-resistance to Cry3Bb1 (Gassmann et al. 2014 , Wangila et al. 2015 .
The Bt protein eCry3.1Ab was deregulated in 2013 and commercialized as a pyramid with mCry3A under the trade name Agrisure Duracade (Syngenta 2013) . Previous lab experiments have shown that western corn rootworm were capable of forming resistance to the eCry3.1Ab toxin within four generations of exposure (Frank et al. 2013) . A primary goal of the current experiment was to determine whether the eCry3.1Ab resistance trait(s) found by Frank et al. (2013) are dominantly or recessively inherited. To test for this, we created reciprocal cross colonies using methods similar to those of Meihls et al. (2008) . This involved collecting newly emerged male and female beetles from both the eCry3.1Ab-selected colony and its paired control colony. Two colonies were created: eCry3.1Ab-selected female by control male colony (Sel$) and control female by eCry3.1Ab-selected male colony (Con$). These colonies were tested along with the parental control and eCry3.1Ab-selected colonies in seedling assays and diet toxicity assays.
Materials and Methods

Insects
Western corn rootworm colonies used in this experiment were the same as those used in Frank et al. (2013) . The eCry3.1Ab-selected colony was reared on eCry3.1Ab-expressing (event 5130) corn while beetles in the control colony were reared on corn with a similar genetic background but no eCry3.1Ab protein present (near-isoline corn). At the time of this experiment, the eCry3.1Ab-selected colony had been reared on event 5130 corn for 16 generations while periodically being exposed to its near-isoline corn in order to boost population size. Beetles in the control colony had been reared exclusively on the near-isoline corn for 26 generations at the time of this experiment. As noted below, event 5307 expressing eCry3.1Ab and its near-isoline without this gene were used for all experiments using plants in the current manuscript. Due to seed availability, resistant colony beetles were initially reared on the eCry3.1Ab protein expressing event 5130 corn (Frank et al. 2013 ).
Diet Toxicity Bioassays
Diet toxicity assays similar to those described in Siegfried et al. (2005) were conducted on neonate larvae of both the cross and parent colonies. Larvae were exposed to increasing concentrations (0, 0.3, 0.9, 2.7, 8.1, and 24.3 mg/cm 2 ) of the eCry3.1Ab toxin on artificial diet in order to determine median lethal concentration (LC 50 ) and the half maximal effective concentration (EC 50 ), which slows weight gain of the larvae. Data collection was performed by Custom Bio-Products, LLC (Maxwell, IA).
Reciprocal Cross
Newly emerged virgin males and females from both the eCry3.1Abselected colony and their control colony were collected and isolated from each other. Reciprocal cross colonies were created by combining at least 100 eCry3.1Ab-selected males with 100 control females and vice versa. Eggs from these colonies were collected and tested along with those of the parental eCry3.1Ab-selected and control colonies.
Seedling Assays
Eggs suspended in a 0.15% agar solution were inoculated 4 d after removal from cages with ovipositing females into 15-by 10-cm containers (708 ml, The Glad Products Company, Oakland, CA) at a rate of $333 eggs per container. The eggs were then covered with %150 ml of growth medium consisting of 2:1 soil:Promix (Premier Horticulture Inc., Quakertown, PA), planted with %50 corn seeds, covered by an additional %300 ml of growth medium, and then moistened with 100 ml of water. The containers were then covered with plastic lids and placed in a growth chamber maintained at 25 C. After 4 d, the lids were removed to allow the corn seedlings to grow. A subsample of eggs from each colony were placed on moist filter paper and sealed in individual Petri dishes and placed in the same growth chamber in order to determine the peak hatch time for each colony. At the time of peak hatch corn seedlings were $15 d old. After a total of 3 wk ($10 d after peak hatch was observed), the containers were emptied into modified Tullgren funnels in order to collect the surviving larvae. All treatments were replicated 15 times using corn expressing the eCry3.1Ab toxin (event 5307) and its near-isoline inoculated with the eCry3.1Ab-selected, control, Sel$, or Con$ colony eggs.
Larval recovery was accomplished through the use of modified Tullgren funnels. Each individual assay had the tops of the plants cut off and discarded. The remaining soil and root system were removed from the container and placed into the funnel upside down. The funnels were covered with a lid containing a 60 -W light bulb and were fitted with half-pint mason jars filled with %150 ml of water to collect escaping larvae. Jars were removed after two days and replaced with fresh jars which remained on for an additional two days. Larvae recovered in jars were counted under a microscope and transferred to vials containing 95% ethanol. Larval head capsule measurements were averaged from a random subset of 10 larvae for each sample. Finally, all larvae were dried in an oven (Thelco model 16, GCA/Precision Scientific Co., Chicago), and weighed (scale model AB135-S FACT, Mettler Toledo Inc., Columbus, OH).
Data Analysis
LC 50 calculations were analyzed using PROC PROBIT while EC 50 calculations were analyzed using a modified log-logit PROC NLMIXED procedure (Seefeldt et al. 1995) in the SAS statistical package (SAS ver. 9.2, 2009 ). Prior to analysis, the toxin rates were transformed using logdose¼log(rate)/log(3) specifically due to the toxin levels being increased by factors of 3 in the varying doses. The 95% confidence intervals were calculated for both the LC 50 and EC 50 data and were determined to be significantly different (P < 0.05) if the 95% confidence intervals did not overlap.
Raw data are presented in all figures, while all statistical analyses were done with data that were square root (x þ 0.5) transformed in order to meet all assumptions of normality. Seedling assays were analyzed as a randomized complete block in a two-way factorial arrangement (two seed types Â four colony types). Data from seedling assays were analyzed using PROC MIXED of the SAS statistical package (SAS ver. 9.2, 2009). The model contained main effects of colony (control, eCry3.1Ab-selected, Con$, and Sel$), corn (Bt and isoline), and the interaction of colony Â corn. In situations where no larvae were collected, the data points for head capsules and dry weights were treated as missing values. Beyond the standard ANOVA, preplanned comparisons were made between corn types within colony types. The fixed effects for all analyses were calculated using a least squares means (LSMEANS) analysis, and comparisons were made using the Fisher's protected LSD output.
Larval recovery results from seedling assays were used to calculate the dominance value (h) of both the Con$ and Sel$ colonies and their combined effects. Calculations of the h-value were made using the equation detailed by Tabashnik et al. (2004) in which h ¼ (survival of cross À survival of control)/(survival of selected À survival of control). Results from the dominance calculation range between either 0 indicating completely recessive resistance or 1 indicating completely dominant resistance (Tabashnik et al. 2004) .
Results
Diet Assays
The control colony had a significantly lower LC 50 value than the other colonies (Table 1) . No other significant differences in LC 50 values were documented among the other colonies (Table 1) . The Sel$ colony had the highest LC 50 value (50.96 mg/cm 2 ) and resistance ratio (32.1) ( Table 1) . Results of the EC 50 analysis showed that the control colony was significantly different from the eCry3.1Ab-selected and Con$ colonies while not significantly different from the Sel$ colony (Table 1 ). The eCry3.1Ab-selected colony had the highest EC 50 value (8.13 mg/cm 2 ) and resistance ratio (16.9; Table 1 ).
Dominance Value (h) Calculations
Dominance values for the seedling assays produced an h-value of 1.160 for the average recovery of both the Con$ and Sel$ colonies.
Individual analysis of each cross colony showed the Con$ and Sel$ colonies to have h-values of 0.939 and 1.380 respectively.
Seedling Assays
Larval recovery from seedling assays was significantly impacted by corn type, but was not impacted by western corn rootworm colony or the interaction effect of colony Â corn effect (Table 2) . Preplanned comparisons between corn types within colony types colonies showed the eCry3.1Ab-selected, control, and Con$ colonies each had significantly lower larval recovery on Bt plants than from near-isoline plants (Fig. 1) . Larval head capsule widths also had a significant corn effect and no colony or colony Â corn effect (Table 2) . When analyzed within colony type, results showed that larvae from the eCry3.1Ab-selected, control, and Con$ colonies had significantly smaller head capsules when raised on Bt corn than on isoline corn (Fig. 1) . Analysis of larval dry weight data indicated no significant effects of corn type, colony type, or their interaction (Table 2) . When analyzed within colony type, results showed that the larvae from the control colony had significantly greater dry weights when reared on isoline corn than those reared on the eCry3.1Ab-expressing corn (Fig. 1 ).
Discussion
Diet toxicity results showed the Con$, Sel$, and eCry3.1Ab-selected colony to have a significantly higher LC 50 value than the control colony (Table 1) . Results of the EC 50 analysis were similar with the exception of the Sel$ not being significantly different from the control despite having the second highest EC 50 value (Table 1) . These results would indicate that crossing eCry3.1Ab-selected individuals with susceptible individuals does not significantly diminish resistance in the offspring when compared with the eCry3.1Ab-selected colony. Calculations of the average trait dominance (h) for seedling assays corroborated with diet toxicity results, indicating a dominant inheritance of the eCry3.1Ab resistance trait. Individual (h)-value calculations for the Con$ and Sel$ colonies were 0.939 and 1.380, respectively, indicating that resistant beetles regardless of gender can pass on the resistance trait to their offspring. If true for a field-selected resistant population, the overall effectiveness of a susceptible refuge strategy to slow resistance development would be significantly diminished. Seedling assay results indicated no significant interactions between colony and corn type. However, preplanned comparisons within colony types indicated significant differences between the larvae tested on Bt versus those tested on isoline. Where present, each of these significant differences indicate that the insects exposed to isoline had the higher fitness than those exposed to Bt (Fig. 1) . This suggests that the resistance present in both the selected and cross populations is incomplete. In the case of the control colony, the presence of significantly lower larval recovery, larval head capsule widths, and larval dry weights from the larvae exposed to Bt indicate its susceptibility to the Bt product which is mirrored in its low LC 50 and EC 50 rates (Table 1, Fig. 1 ).
It is important to note that the eCry3.1Ab toxin is currently only available in a pyramid along with the mCry3A toxin (Syngenta 2013) . Pyramiding of multiple rootworm-targeting toxins is done in an attempt to slow the development of resistance to both toxins. As long as the toxins have differing modes of action, beetles forming resistance to one toxin should be controlled by the other toxin, thus reducing the overall emergence of resistant beetles in the field (Roush 1998) . The susceptible refuge requirement for several pyramided products targeting rootworms is 5% rather than the 20% for single traits (Environmental Protection Agency [EPA] 2011) .
Even with two different modes of action, there is still concern regarding the efficacy of these pyramided products to one of the toxins they express. It is assumed that if resistance is present for one product in the pyramid, then the effectiveness of the pyramid to delay resistance more than single-trait products would be diminished (Porter et al. 2012 , Gassmann et al. 2014 . If this is the case, then in the presence of mCry3A resistance, the eCry3.1Ab toxin could be working to control western corn rootworm on its own. This concern is not just limited to mCry3A resistance alone due to the discovery of cross-resistance between Cry3Bb1 and mCry3A (Gassmann et al. 2014) . Consequently, the pyramided product could be working as a single-trait product with only the eCry3.1Ab toxin to control rootworms in fields experiencing resistance to the Cry3Bb1 toxin as well. If working alone, resistance to the eCry3.1Ab toxin could occur after as little as four generations of continuous planting without refuges, as indicated by laboratory selection experiments conducted by Frank et al. (2013) . The speed of resistance development is unknown with seed blends commonly used with Agrisure Duracade, but seed blends did not appear to delay resistance to Cry34/35Ab1 under laboratory conditions (Deitloff et al. 2015) . 
